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APPARATUS AND METHOD FOR THREE-
DIMENSIONAL TERRAIN RENDERING

CROSS-REFERENCE TO RELATED CASE

This 1s a divisional of U.S. patent application Ser. No.
08/939,948 filed on Sep. 29, 1997 now U.S. Pat. No.

6,111,583.
FIELD OF THE INVENTION

The present invention relates to computerized graphics
systems 1n general, and 1n particular to computerized graph-
ics systems for rendering 1images of three-dimensional ter-
rain.

BACKGROUND OF THE INVENTION

Rendering terrain based on data representations of three-
dimensional (3D) topographies for viewing on a computer
display 1s known 1n the art. Typically, a three-dimensional
terrain 1s represented as a collection of data points and stored
in a data structure. Terrain rendering techniques generally
apply some form of ray tracing to a set of data points.
Known ray tracing techniques involve tracing a ray from the
view point through each pixel in the display until the ray
reaches the surface of the data. The primary disadvantage of
ray tracing 1s that its implementation 1s quite slow, taking
minutes or hours to produce an 1image of a single scene, even
using state of the art hardware and software.

SUMMARY OF THE INVENTION

The present invention seeks to provide novel apparatus
and methods for rendering three-dimensional terrains that do
not require ray tracing for all data points in a viewable area.
The present invention provides an improved system which
overcomes the known disadvantages of the prior art as
discussed above. The rendering 1s performed using a varia-
fion on known ray tracing techniques where a first ray 1is
fraced for a first display pixel, and adjacent pixels are
calculated by moving the point of contact between the first
ray and the surface of the data to a point on a ray that goes
through an adjacent pixel. The point 1s then moved forward
or backward along the new ray until 1t contacts the surface
of the data.

There 1s thus provided in accordance with a preferred
embodiment of the present invention a method for rendering
a three-dimensional terrain, the method mncluding providing
at least one previous display pixel having a previous ray
from a point of view through the at least one previous
display pixel to a previous terrain unit intersecting an axis of
the previous ray, the previous ray having a length, and
computing a subsequent ray from the point of view through
a subsequent display pixel, whereby the subsequent ray has
a length equal to the length of the previous ray.

Further 1in accordance with a preferred embodiment of the
present mvention the providing step includes tracing the at
least one previous ray through the at least one previous
display pixel.

Still further 1n accordance with a preferred embodiment of
the present invention the providing step includes previously
computing the at least one previous ray.

Additionally 1n accordance with a preferred embodiment
of the present 1nvention the providing step includes provid-
ing a plurality of the previous display pixels, and wherein
the computing step includes computing a subsequent ray the
subsequent display pixel 1s adjacent to at least two of the
plurality of the previous display pixels, and whereby the
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2

subsequent ray has a length equal to the shortest of the
lengths of the previous rays of the plurality of previous
display pixels to which the subsequent display pixel is
adjacent.

Moreover 1n accordance with a preferred embodiment of
the present invention the preceding claims and further
including the step of maintaining any of the lengths in a
Z-buffer, and the providing step includes retrieving any of
the lengths from the Z-buffer.

Further 1in accordance with a preferred embodiment of the
present invention the length of the subsequent ray 1s adjusted
for a subsequent terrain unit intersecting an axis of the
subsequent ray.

Still further 1n accordance with a preferred embodiment of
the present invention the adjusting step includes comparing

a position of a ray point at an end of the subsequent ray to
an clevation of the subsequent terrain unit, correcting the
length of the subsequent ray by either of increasing the
length of the subsequent ray if the position of the ray point
1s above the subsequent terrain unit, and decreasing the
length of the subsequent ray if the position of the ray point

1s below the subsequent terrain unit, and repeating the
correcting step until the ray point i1s in propinquity to the
subsequent terrain unit.

Additionally 1n accordance with a preferred embodiment
of the present invention the repeating step includes repeating
until the ray point is 1n propinquity to the subsequent terrain
unit within a predetermined tolerance.

Moreover 1n accordance with a preferred embodiment of
the present invention the correcting step 1ncludes increasing
the length of the subsequent ray by a factor, and increment-
ing the factor by abase value subsequent to the increasing
step.

Further 1in accordance with a preferred embodiment of the
present mvention the mmcrementing step includes providing
the base value equal to V_+27, the V_ is equal to a unit vector

value of the subsequent ray and d i1s equal to Log, of the
length of the subsequent ray.

Still further 1n accordance with a preferred embodiment of
the present invention the correcting step includes decreasing
the length of the subsequent ray by a base value.

Additionally 1n accordance with a preferred embodiment
of the present invention the correcting step includes provid-
ing the base value equal to V +2¢, the V_ is equal to a unit
vector value of the subsequent ray and d 1s equal to Log, of
the length of the subsequent ray.

There 1s also provided in accordance with a preferred
embodiment of the present invention a method of determin-
ing a scan direction, the method including providing a
perspective axis passing through a view point and being
substantially perpendicular to a data plane, the data plane
includes a plurality of terrain units of a uniform elevation,
providing a perspective point at an intersection of the
perspective axis and a display plane of a display, rotating the
perspective axis about the perspective point until the per-
spective axis lies in the display plane, thereby providing a
longitudinal quadrant axis, providing a latitudinal quadrant
axis perpendicular to the longitudinal quadrant axis and
intersecting the longitudinal quadrant axis at the perspective
point, and setting the scan direction as being either of away
from the perspective point 1f the view point 1s above the
perspective point, and toward the perspective point if the
view point 1s below the perspective point.

Further 1in accordance with a preferred embodiment of the
present mvention either of the quadrant axes are moved 1n
the display plane until the perspective point meets an edge
of the display.
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Still further 1n accordance with a preferred embodiment of
the present invention either of the perspective axis and the
display plane are adjusted until the perspective axis and the
display plane 1ntersect.

There 1s also provided 1n accordance with a preferred
embodiment of the present invention a method of storing a
ferrain 1mage 1n a data structure, the method including
providing the terrain 1mage 1n at least one resolution, divid-
ing each resolution 1nto at least one tile including at least one
picture element.

Further 1in accordance with a preferred embodiment of the
present invention either of a color attribute and an elevation
attribute are stored for each of the picture elements.

Still further 1n accordance with a preferred embodiment of
the present mvention the dividing step includes providing
the tile with a fixed number of the picture elements.

Additionally in accordance with a preferred embodiment
of the present invention the providing the terrain image step
includes providing a plurality of the resolutions and further
including providing at least one pointer from a parent tile of
a first of the plurality of the resolutions to a child tile of a
second of the plurality of the resolutions, the first of the
plurality of the resolutions 1s of lesser detail than the second
of the plurality of the resolutions.

Moreover 1n accordance with a preferred embodiment of
the present invention the first of the plurality of the resolu-
fions has four times more detail than the second of the
plurality of the resolutions.

There 1s also provided 1n accordance with a preferred
embodiment of the present mvention a method of storing
terrain 1mage files 1n a memory, the method including
determining a currently viewed tile, reading at least one near
tile contiguous to the currently viewed tile mto the memory,
dividing the currently viewed tile into a plurality of sections,
determining a currently viewed section of the currently
viewed tile, and reading at least one far tile not abutting the
currently viewed tile mto the memory, the far tile 1s at a
predetermined orientation relative to the currently viewed
section.

Further 1n accordance with a preferred embodiment of the
present 1nvention the reading at least one near tile step
includes reading eight tiles the each of the eight tiles abuts
the currently viewed tile.

Still further 1in accordance with a preferred embodiment of
the present invention the dividing step includes dividing the
currently viewed tile into four sections including top-left,
top-right, bottom-left, and bottom-right sections.

Additionally in accordance with a preferred embodiment
of the present invention the reading at least one far tile step
includes reading a row of tiles parallel to an outer edge of the
currently viewed section, the currently viewed section 1is
intermediate to the row and another of the sections.

Moreover 1n accordance with a preferred embodiment of
the present imnvention the reading at least one far tile step
includes reading a column of tiles parallel to an outer edge
of the currently viewed section, the currently viewed section
1s intermediate to the column and another of the sections.

Further 1n accordance with a preferred embodiment of the
present 1nvention the reading at least one far ftile step
includes reading a row of tiles parallel to an outer edge of the
currently viewed section, the currently viewed section 1is
intermediate to the row and another of the sections, and
reading a column of tiles parallel to an outer edge of the
currently viewed section, the currently viewed section 1s
intermediate to the column and another of the sections.
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Still further 1n accordance with a preferred embodiment of
the present invention either of the reading a row step and the
reading a column step includes reading three tiles.

Additionally 1n accordance with a preferred embodiment
of the present mmvention a corner tile intersecting the row and
the column 1s read.

Moreover 1n accordance with a preferred embodiment of
the present invention any of the steps are performed for a
plurality of resolution levels.

Further 1in accordance with a preferred embodiment of the
present mvention any of the reading steps includes reading
into a disk cache memory.

There 1s also provided in accordance with a preferred
embodiment of the present invention a method of managing
terrain 1mage tiles 1n a memory, the method including
maintaining an index including a coordinate of each of a
plurality of stored tiles and a pointer to each of the plurality
of stored tiles, searching the index for an index entry
matching a coordinate of a requested tile, incrementing a
plurality of use counters for a rendering cycle, each of the
plurality of use counters corresponding to a one of the
plurality of stored tiles, if the coordinate of the requested tile
1s found 1n the index returning the pointer to the stored tile
the coordinate of the stored tile matches the coordinate of the
requested tile, and zeroing the use counter corresponding to
the stored tile the coordinate of the stored tile matches the
coordinate of the requested tile, and if the coordinate of the
requested tile 1s not found 1n the 1index determining a least
recently used stored tile whose use counter 1s highest among
the plurality of use counters, and reading the requested tile
into the memory, whereby the least recently used stored tile
1s replaced with the requested tile.

Further 1in accordance with a preferred embodiment of the
present invention the maintaining an index step includes
maintaining an index of at least one bit of each of the
coordinates of the plurality of stored tiles.

Still further 1n accordance with a preferred embodiment of
the present invention the maintaining an index step includes
maintaining an index of 5 least-significant bits of each of the
coordinates of the plurality of stored tiles.

Additionally 1n accordance with a preferred embodiment
of the present invention the searching step includes search-
ing using at least one bit of the coordinate of the requested
tile.

Moreover 1n accordance with a preferred embodiment of
the present invention the maintaining an index step includes
maintaining an index of at least one bit of each of the
coordinates of the plurality of stored tiles, the searching step
includes searching using at least one bit of the coordinate of
the requested tile, and 1f the at least one bit of coordinate of
the requested tile 1s found in the index, further mcluding
verifying that a fill coordinate of the requested tile matches
a full coordinate of the stored tile corresponding to the index
entry.

Further 1in accordance with a preferred embodiment of the
present invention, 1f the coordinate of the requested tile 1s
not found 1n the index, a disk cache memory 1s sacrched for
the requested tile and the reading step includes reading the
requested tile from the disk cache memory.

There 1s also provided in accordance with a preferred
embodiment of the present invention three-dimensional ter-
rain rendering apparatus including a display having a plu-
rality of pixels, a memory for recording a relationship
between at least one previous display pixel, a previous ray
from a point of view through the at least one previous
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display pixel to a previous terrain unit intersecting an axis of
the previous ray, and a length of the previous ray, and
apparatus for computing a subsequent ray from the point of
view through a subsequent display pixel given the
relationship, whereby the subsequent ray has a length equal
to the length of the previous ray.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood and appreciated
from the following detailed description, taken 1n conjunction
with the drawings in which:

FIGS. 1A-1C, taken together, are simplified flowchart

1llustrations of a method of three-dimensional terrain ren-
dering constructed and operative 1n accordance with a
preferred embodiment of the present invention;

FIG. 2 1s a simplified pictorial illustration of using the
method of FIGS. 1A-1C;

FIGS. 3A and 3B, taken together, are stmplified pictorial
illustrations of a data structure useful in storing a terrain
image constructed and operative 1n accordance with a pre-
ferred embodiment of the present invention;

FIG. 4 1s a simplified flowchart 1llustration of a method of
determining scan direction constructed and operative in
accordance with a preferred embodiment of the present
mvention;

FIGS. 5A and 5B are simplified pictorial illustrations of
using the method of FIG. 4;

FIG. 6 1s a ssmplified flowchart 1llustration of a method of
managing retrieval from a non-volatile data storage medium

useful 1n the method of FIGS. 1A-1C and constructed and
operative 1n accordance with a preferred embodiment of the

present mvention;

FIG. 7 1s a ssmplified flowchart 1llustration of a method of

managing retrieval from a volatile data storage medium
uselul 1 the method of FIGS. 1A-1C and constructed and

operative 1n accordance with a preferred embodiment of the
present mvention; and

FIG. 8 1s a simplified flowchart 1llustration of a method of
increasing and decreasing R, useful in the method of FIGS.
1A-1C and constructed and operative 1n accordance with a
preferred embodiment of the present invention.

Attached herewith 1s a microfiche appendix comprising
appendices A, B, and C which aid 1n the understanding and
appreciation of one preferred embodiment of the imvention
shown and described herein. Appendices A, B, and C taken
together form a computer listing of a preferred software
embodiment of the present invention.

TERMS

The following terms are useful in understanding the
detailed description:

V, View point

R Ray

R, A ppint along a ray | |
V, Unit vector from V , through a display pixel
P Display pixel

R, Distance from R, to V,,
d Log, of R,

P, Perspective point

T Terramn unait

T Elevation of a terrain unit

D, A plane comprising terrain units T where T_=0 for all
T
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X,Y,Z Axes of a Cartesian coordinate system where X and
Y are the two-dimensional axes of the data plane

V, Base mcrement value
V. Increment value.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Reference 1s now made to FIGS. 1A-1C which, taken
together, are simplified flowchart 1llustrations of a terrain
rendering method constructed and operative 1n accordance
with a preferred embodiment of the present invention, and
FIG. 2 which 1s a simplified pictorial 1llustration of using the
method of FIGS. 1A-1C. It 1s appreciated that the method of
FIGS. 1A-1C may be mmplemented partly i computer
hardware and partly in software, or enfirely 1n custom
hardware. Preferably, the apparatus of the present invention
1s implemented 1n suitably programmed computer hardware
comprising, for example, a Pentium-Pro/MMX based cen-
tral processing unit (CPU).

It 1s appreciated that the method of FIGS. 1A-1C, as well
as other methods described hereinbelow, need not necessar-
ily be performed 1n a particular order, and that 1n fact, for
reasons of 1implementation, a particular implementation of
the methods may be performed 1n a different order than
another particular implementation.

In the method of FIGS. 1A-1C an image of a terrain 10
to be rendered for viewing on a display 12 1s provided (step
100), preferably stored in a data base as a hierarchy of
two-dimensional grids of tiles containing picture elements,
with each grid representing the 1mage at a given resolution.
Each picture element, referred to herein as a terrain unit T,
typically comprises at least color and elevation attributes T ,
with T, expressed relative to a data plane D, where T _=0 for
all T. The location of a terrain unit T 1s preferably expressed
using a Cartesian coordinate system as indicated by 20 1n
accordance with known methods. While a variety of image
storage methods may be used, a preferred method for storing
a terrain 1mage 1s described in greater detail hereinbelow
with reference to FIGS. 3A and 3B. Preferably, the display
1s divided 1nto one or more quadrants and the scan direction
of pixels within each row and rows within each quadrant 1s
then determined (step 120). While a variety of scanning
methods may be used, a preferred method for determining
the display division and the scan direction that accommo-
dates sharp changes in terrain as viewed from adjacent
pixels (e.g., the terrain unit for one pixel is on the ground,
and the terrain unit for the next pixel is on top of a building)
1s described 1n greater detail hereinbelow with reference to
FIGS. 4, 5A, and 5B. Typically, one quadrant 1s scanned at
a time (step 130), and one quadrant row at a time (step 140),
with the scan direction from row to row and from pixel to
pixel within the row having been determined in step 120. A
row as relerred to herein typically comprises any run of
display pixels, as is known. A starting pixel P is chosen (step
150). Given a view point V , a vector V,_ is calculated for a
ray R (step 160). A starting point R, is determined along
vector V, given a starting ray length R, (step 170). R, may
be expressed using Cartesian coordinates 1X,,, Y,,, Z,,}
relative to the data plane containing all terrain units T as
described hereinabove. A terrain unit data point T 1s
retrieved from a data storage medium using the {X,,,, Y, }
coordinates of R, and the Log, of R, referred to herein as
d, corresponding to the grid level 1n the data hierarchy as
described hereinabove (step 180). Each terrain unit T is
typically retrieved as part of a data tile from a volatile and/or
non-volatile data storage medium as 1s known. A preferred
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method of managing retrieval from a non-volatile data
storage medium such as a hard disk drive 1s described 1n
orcater detail hereinbelow with reference to FIG. 6. A
preferred method of managing retrieval from a volatile data
storage medium such as a memory cache i1s described in
orcater detail hereinbelow with reference to FIG. 7. Each T
typically comprises an elevation T, which 1s compared to
(step 190). A tolerance may be provided, typically
alﬁ)wmg T, to be “equal” to Z,_, it it 1s within one terrain unit
width. A Z_ value greater than T, indicates that R, 1is
insufficient for R, to contact terrain 10 requiring that R, be
increased (step 200) AZ,, value less than T indicates that
R, 1s below the surface of terrain 10, requiring that R, be
decreased (step 210). Processing continues with step 170
after R, is increased (step 200) or decreased (step 210).
While a variety of known methods may be used for increas-
ing and decreasing R, a preferred method for doing so 1s
described 1n greater detail hereinbelow with reference to
FIG. 8. It Z,_, is equal to T, or within the set tolerance, then
R, has contacted terrain 10 at a contact point 14, and pixel
P'is then set to the color of the terrain unit T (Step 220) and
R, is stored 1n a z-buffer as is known (step 230). If current
pixel P is not the last in the current row (step 240), the next
pixel P' in the row becomes the current pixel P (step 250).
A new ray length R, 1s preferably determined as the least of
the current ray length R, and the ray length stored 1n the
z-buffer corresponding to a pixel in the row immediately
preceding the current row and in the same row position as
the new current pixel P (step 260). Where the row is the first
row 1n a quadrant to be scanned, the starting ray length R,
described in step 170 may be used. Processing continues
with step 160 where a new vector V_ 1s calculated corre-
sponding to V. The resulting ray point R, generated atter
step 170 will typically lie along an axis 16 that 1s generally
parallel to a display row axis 18. If current pixel P 1s the last
in the current row (step 240), if the current row is not the last
row 1n the quadrant (step 270) then scanning advances to the
next row in the quadrant (step 280) and processing continues
with step 150. If the current row 1s the last in the quadrant
(step 270), then if the current quadrant is not the last
quadrant in the display (step 290) then scanning advances to
the next quadrant in the display (step 300) and processing
continues with step 140. One scan cycle 1s typically com-
pleted when all pixels in all rows 1n all quadrants in the
display have been set as described above 1n step 220.

Reference 1s now mate to FIGS. 3A and 3B which, taken
together, are stmplified pictorial illustrations of a data struc-
ture useful 1n storing a terrain 1mage constructed and opera-
five 1n accordance with a preferred embodiment of the
present mvention. A terrain 1mage 1s typically stored as a
hierarchy 22 of one or more two-dimensional grids 24 of one
or more tiles 28, with each grid 24 representing the image at
a given resolution. Each tile 28 typically comprises one or
more picture elements 26, each representing a terrain unit T
(FIG. 2) and having at least color and elevation attributes.
Each tile 28 1n a given resolution level typically has a fixed
number of picture elements 26 (i.e. 256x256 picture
elements). Each grid 24 has four times more detail then the
orid preceding it 1n the hierarchy 22. There are preferably
four pointers for each tile 1n grid 24, pointing to four tiles of
orcater resolution 1n a grid 32 that 1s below grid 24 1n
hierarchy 22. The number of levels of resolution in the grid
hierarchy may be varied as needed. The location of each
picture element 26/terrain unit T 1s preferably expressed
using {X,Y} coordinates of a Cartesian coordinate system as
indicated by 20, and a level indicator.

Reference 1s now made to FIG. 4 which 1s a simplified
flowchart 1llustration of a method of determining scan
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3

direction constructed and operative 1n accordance with a
preferred embodiment of the present invention, and FIGS.
SA and 5B which are simplified pictorial illustrations of

using the method of FIG. 4. In the method of FIG. 4, an axis
34 1s provided, passing through view point V , and data plane
D, of terrain 10, wherein axis 34 1s perpendicular to data
plane D . Aperspective point P, 1s defined at the intersection
of axis 34 and display plane 36 in which display 12 lies (step
310). Where axis 34 and display plane 36 are parallel, either
may be arbitrarily varied until they intersect. Axis 34 is
projected onto display plane 36 to provide a longitudinal
quadrant axis 38, and a latitudinal quadrant axis 40 1is
provided at perspective point P, perpendicular to longitu-
dinal quadrant axis 38 (step 320). Should perspective point
P, lie outside of display 12, one or both of axes 38 and 40
may be moved as needed in the directions indicated by
arrows 42 and 44 respectively until perspective point P,
meets an edge of display 12 (step 330). The scan direction
may be set based on the relative locations of the view point
V,, the perspective point P, and the data plane D, as
follows: if view point V , 1s “above” perspective point P, the
scan direction 1s away from perspective point P, and if view
point V, 1s “below” perspective point P, the scan direction
is toward perspective point P, (step 340).

Reference 1s now made to FIG. 6 which 1s a simplified
flowchart illustration of a method of managing retrieval
from a non-volatile data storage medium useful in the
method of FIGS. 1A-1C and constructed and operative in
accordance with a preferred embodiment of the present
invention. In the method of FIG. 6 a disk cache 1s preferably
used to continuously maintain a four by four grid of ftiles
around the current view point 1n all resolution levels. The
cached tiles are selected by first determining the currently
viewed tile in which the view point “falls” (step 350). The
cight tiles around the currently viewed tile are preferably
brought into the disk cache to form a 3x3 grid (step 360).
The currently viewed tile 1s then preferably divided into four
quadrants, and the quadrant in which the view point “falls”
is determined (step 370). Then, depending on which quad-
rant of the currently viewed-tile the view point is situated,
seven more tiles are preferably brought into cache.
Typically, the additional seven tiles are selected based on
which quadrant of the currently viewed tile the view point
falls. Thus, 1f the view point 1s 1n the top left quadrant of the
currently viewed tile, seven more tiles around the currently
viewed file’s left and top are brought into cache to form a
4x4 grid (step 380). A corresponding tile grid is preferably
brought into disk cache for each resolution level (step 390).
As the view point moves out of a tile quadrant, new tiles are
brought into cache as needed. This allows for all the
necessary data to be available during rendering, even when
rotating the view very quickly, as only the view point
matters, and not the view direction.

Reference 1s now made to FIG. 7 which 1s a simplified
flowchart 1llustration of a method of managing retrieval
from a volatile data storage medium useful in the method of
FIGS. 1A-1C and constructed and operative 1 accordance
with a preferred embodiment of the present invention. In the
method of FIG. 7 an LRU (Last Recently Used) type
memory cache system 1s used. Tiles may be used that are not
necessarily the same size as the disk cache tiles. An index 1s
preferably built from the five least significant bits of the {X,
Y, d} coordinates of each tile (step 400) Each time a specific
tile is requested by specifying {X, Y, d} coordinates (step
410) the index is checked for a match using the five least
significant bits (step 420). If a match 1s found using the least
significant bits, then the {X, Y, d} coordinates are checked
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to see if:the correct tile has indeed been found (step 430). If
this is also true, then a pointer to that tile is returned (step
440). If the requested tile 1s not found in the memory cache,
then the disk cache 1s checked to see 1f the tile 1s available
(step 450). If it is, the memory cache determines the least
recently used tile by checking each tile counter and selecting
the tile with the highest count, since each time a tile 1is
requested and found its counter 1s reset to 0, and each
rendering cycle all of the counters are incremented by one
(step 460). The memory cache then replaces the least
recently used tile with the requested tile (step 470) and
returns its pointer (step 440). If the tile 1s not found in the
disk cache, 1t 1s then read in, preferably as described
hereinabove with reference to FIG. 6 (step 480).

It is appreciated that for tiles that do not exist (e.g., at a
level of detail higher then the source data) interpolation may
be used as 1s known 1n the art to build the requested tile from
the first grid level below 1t that 1s available. This interpola-
fion may be bilinear, fractal, texture blending, or any suitable
method. The interpolation 1s preferably performed to a
predetermined level, thus avoiding pixelation effect.

Reference 1s now made to FIG. 8 which 1s a simplified
flowchart illustration of a method. of increasing and decreas-
ing R, usetul in the method of FIGS. 1A—-1C and constructed
and operative 1n accordance with a preferred embodiment of
the present invention. A base increment value V,, 1s set equal
to V_x2¢. For each ray R, an increment value V, is initially
set to V,, (step 500). Z,, 1s then compared to T, (step S10).
If Z,, 1s greater than T, (i.e., R, 1s above the ground), then
V; 1s added to R, to get a new R, (step 520), and V; is
increased by adding V,, to V; (step 5§30). If Z_, is less than
T, (i.e., R, 1s below the ground), then R, is decreased by V,,
(step 540). R, is increased or decreased in this manner until
Z,, equals T, (i.e., R, has reached the surface), typically
within a predetermined tolerance, and processing continues
with the next ray (step 550).

A preferred method for constructing a three-dimensional
terrain rendering system operative 1n accordance with a

preferred embodiment of the present invention 1S now
described:

a) Provide a computer terminal, such as an Intel-based
Pentium MM X 166 Mhz computer, configured with the
Microsoft Windows 95 operating system and Microsoft

DirectX 3.0;

b) Generate binary file MPTDLL.DLL from the computer
listing of Appendix A, binary executable file
TESTDLL.EXE from the computer listing of Appendix
B, binary file MAP.MPT from the computer listing of
Appendix C, and text file MAP.HDR from page C-42 of
Appendix C;

¢) Load the files generated in step b) into a directory of the
computer terminal provided in step a) and execute
TESTDLL.EXE.

It 1s appreciated that any of the software components of
the present mvention may, if desired, be 1implemented 1n
ROM (read-only memory) form. The software components
may, generally, be implemented in hardware, if desired,
using conventional techniques.

It 1s appreciated that the particular embodiment described
in the Appendices 1s mntended only to provide an extremely
detailed disclosure of the present ivention and i1s not
intended to be limiting.

It 1s appreciated that various features of the invention
which are, for clarity, described in the contexts of separate
embodiments may also be provided in combination 1n a
single embodiment. Conversely, various features of the
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invention which are, for brevity, described 1n the context of
a single embodiment may also be provided separately or 1n
any suitable subcombination.

It will be appreciated by persons skilled 1n the art that the
present invention 1s not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention 1s defined only by the claims that follow:

What 1s claimed 1s:

1. A method of storing a terrain 1mage 1n a data structure
for subsequent display at a selected resolution, the method
comprising the steps of:

(a) providing said terrain image in a plurality of said

resolutions;

(b) dividing each image into a plurality of tiles;

(c) dividing each of the plurality of tiles into a plurality of

picture elements;

(d) storing the picture elements for subsequent display of
the terrain 1image in at least one resolution; and

(¢) providing at least one pointer from a parent tile to a
first of said plurality of said resolutions to a child tile
of a second of said plurality of said resolutions, wherein
said first of said plurality of said resolutions 1s of lesser
detail than said second of said plurality of said resolu-
tions.

2. A method according to claim 1 and further comprising
storing either of a color attribute and an elevation attribute
for each of said picture elements.

3. A method according to claim 1 wherein said dividing
step comprises providing said tile with a fixed number of
said picture elements.

4. Amethod according to claim 1 wherein said first of said
plurality of said resolutions has four times more detail than
said second of said plurality of said resolutions.

5. Amethod of storing terrain image tiles 1n a memory, the
method comprising:

determining a currently viewed tile;

reading at least one near ftile contiguous to said currently
viewed tile mto said memory;

dividing said currently viewed tile into a plurality of
sections:;

determining a currently viewed section of said currently
viewed tile; and

reading at least one far tile not abutting said currently
viewed tile into said memory, wherein said far tile 1s at
a predetermined orientation relative to said currently
viewed section.

6. A method according to claim 5 wherein said reading at
least one near tile step comprises reading eight tiles wherein
cach of said eight tiles abuts said currently viewed tile.

7. A method according to claim 5 wherein said dividing,
step comprises dividing said currently viewed tile 1nto four
sections comprising top-left, top-right, bottom-left, and
bottom-right sections.

8. A method according to claim 7 wherein said reading at
least one far tile step comprises reading a row of tiles
parallel to an outer edge of said currently viewed section,
wherein said currently viewed section 1s intermediate to said
row and another of said sections.

9. A method according to claim 7 wherein said reading at
least one far tile step comprises reading a column of tiles
parallel to an outer edge of said currently viewed section,
wherein said currently viewed section 1s intermediate to said
column and another of said sections.

10. A method according to claim 7 wherein said reading
at least one far tile step comprises:
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reading a row of tiles parallel to an outer edge of said
currently viewed section, wherein said currently
viewed section 1s intermediate to said row and another
of said sections; and

reading a column of tiles parallel to an outer edge of said
currently viewed section, whereimn said currently
viewed section 1s intermediate to said column and
another of said sections.

11. A method according to claim 10 wherein either of said
reading a row step and said reading a column step comprises
reading three ftiles.

12. A method according to claim 10 and further compris-
ing reading a corner tile intersecting said row and said
column.

13. A method according to claim 5 wherein any of said
steps are performed for a plurality of resolution levels.

14. A method according to claim 5 wherein any of said
reading steps comprises reading into a disk cache memory.

15. A method of managing terrain 1mage files 1n a
memory, the method comprising:

maintaining an index comprising a coordinate of each of
a plurality of stored tiles and a pointer to each of said
plurality of stored tiles;

secarching said index for an index entry matching a
coordinate of a requested tile;

incrementing a plurality of use counters for a rendering
cycle, each of said plurality of use counters correspond-
ing to a one of said plurality of stored tiles;

if said coordinate of said requested tile 1s found 1n said
index:
returning said pointer to said stored tile wherein said
coordinate of said stored tile matches said coordinate
of said requested tile; and
zeroing said use counter corresponding to said stored
tile wherein said coordinate of said stored ftile
matches said coordinate of said requested tile; and

if said coordinate of said requested tile 1s not found 1n said
index:

10

15

20

25

30

35

12

determining a least recently used stored tile whose use
counter 1s highest among said plurality of use
counters; and

reading said requested tile 1nto said memory, whereby
said least recently used stored ftile 1s replaced with
said requested tile.

16. A method according to claim 15 wherein said main-
taining an index step comprises maintaining an index of at
least one bit of each of said coordinates of said plurality of
stored tiles.

17. A method according to claim 15 wherein said main-
taining an 1ndex step comprises maintaining an index of 5
least-significant bits of each of said coordinates of said
plurality of stored tiles.

18. A method according to claim 15 wherein said search-
ing step comprises searching using at least one bit of said
coordinate of said requested tile.

19. A method according to claim 15 wherein:

sald maintaining an index step comprises maintaining an
index of at least one bit of each of said coordinates of
said plurality of stored tiles;

wherein said searching step comprises searching using at
least one bit of said coordinate of said requested ftile;
and

if said at least one bit of coordinate of said requested tile
1s found in said 1ndex, further comprising verifying that
a full coordinate of said requested tile matches a full
coordinate of said stored tile corresponding to said
index entry.

20. Amethod according to claim 15 and, if said coordinate
of said requested tile 1s not found i1n said index, further
comprising:

searching a disk cache memory for said requested tile and

wherein said reading step comprises reading said
requested tile from said disk cache memory.
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